Amylases [EC 3.2.1.1] produced by a large variety of organisms such as bacteria, fungi, plants and mammals are involved in the starch degrading process, which produces energy. A themophilic actinomycete, Thermoactinomyces vulgaris R 47, produces unique amylases (TVAs), extracellular TVA I and intracellular TVA II. 1,2) TVAs efficiently hydrolyze 1,4 glucosidic linkages of starch to release anomer products and those of pullulan to release panose. 1 3) While cyclodextrin (CD) is a typical inhibitor of amylase, TVAs also hydrolyze 1,4 glucosidic linkages of CD. 4) In addition to hydrolyzing the 1,4 glucosidic linkage, furthermore, TVAs hydrolyze the 1,6 glucosidic linkage of isopanose. 5,6) Although both TVA I and TVA II hydrolyze pullulan and CDs, TVA I strongly hydrolyzes starch but less efficiently hy-drolyzes and CDs, while TVA II shows outstanding kinetic values for small oligosaccharides and CDs. 4,6) Thus, TVAs have wide substrate specificity compared to other amylases. TVA I and TVA II have some unusual substrate specificities and three dimensional structures.
et al., 15) Site directed mutagenesis was carried out using plasmid pTN302 10 as described 4) according to the method of Kunkel. 16) To construct the mutated TVA IIs, the following oligonucleotides were used as mutagenic primers: 5 GCG CCG GCA ATC CGG GTT CGT CGC TCC GGC 3 (D465N), 5 CGG GCG CCG GCA ATC CGG TTC CGT CGC TCC 3 (D465E), 5 GCG CCG GCA ATC CGG TTG CGT CGC TCC GGC 3 (D465 Q), 5 CCA TAT CAT CGG ACG TAG ACA ATC CGG GTC 3 (R469L) and 5 CCA TAT CAT CGG GCG CTT GCA ATC CGG GTC 3 (R469K). DNA sequencing confirmed the presence of the mutations.
Purification, crystallization and data collection. The mutated TVA IIs were prepared using recombinant Escherichia coli MV1184 cells and were purified as described. 2) The crystals of D465N, R469L and R469K were grown at 20 C using the hanging drop method under the same crystallizing conditions as the wild type crystals. 7) The diffraction data were collected at the beam line of BL 18B, PF (Photon Factory). All data sets were processed and scaled using the programs DPS MOSFLM. 17) Structure refinement. The structures of the mutated TVA IIs were solved by molecular replacement using the unliganded TVA II as the search model. The 2Fo Fc electron density map showed that a continuous density 1 contoured level is seen for all atoms of protein except for Ser276 Arg280 of both MOL 1 and MOL 2. After simulated annealing refinement using the program CNS, 18) water molecules were added automatically using CNS and a 3.0 cut off for peaks in Fo Fc maps. To avoid overfitting of the diffraction data, a free R factor with 10% of the test set excluded from refinement was monitored. 19) In R469K, water molecules were not induced in the refined structure due to the relatively low resolution range of the diffraction data. Refinement of the final structure converged at an R factor of 0.202 (Rfree 0.248) in D465N, 0.195 (Rfree 0.229) in R469L and 0.216 (Rfree 0.293) in R469K, respectively. Refinement statistics are presented in Table 1 . The atomic coordinates and structure factors of D465N (PDB code 1WZK), R469L (1WZL) and R469 K (1WZM) have been deposited in the Protein Data Bank.
Enzymatic assay. The activities toward pullulan, starch, CD, CD, CD, maltotriose (G3), maltotetraose (G4), maltopentaose (G5) and maltohexaose (G6) were assayed as described. 4) The purified enzyme (concentrated to 0.2 mg mL, 15 L) was added to a 0.5% solution of each substrate (60 L) in 50 mM sodium phosphate buffer (pH 6.0). The enzyme reaction was carried out at 40 C for 30 min. The products were analyzed by the Nelson Somogyi method. 20) One unit of each substrate hydrolyzing activity was defined as the amount of enzyme that catalyzed the hydrolysis of 1 mol of glucosidic linkages per minute. Pullulan and maltooligosaccharides, and CDs were gifts from Hayashibara Biochemical Laboratories, Inc. and Nihon Shokuhin Kako Co., Ltd., respectively. Soluble starch was purchased from Merck Co., Ltd. Sequence alignment was carried out based on the C positions of the polypeptide chain. Asp465 and Arg469 were located between the eighth strand and the helix of the ( ) 8 Kinetic study. The kinetic parameters for CD were determined as follows. Purified enzyme (0.2 mg mL, 140 L) was added to 560 L of CD in 100 mM sodium phosphate buffer (pH 6.0), and the hydrolysis reaction was carried out at 40 C. Aliquots of the reaction mixture were taken at 5 minute intervals. After the reaction was stopped, the amount of the products was measured as described above.
RESULTS AND DISCUSSION

Catalytic activities of mutated TVA II toward various substrates.
To investigate the roles of Asp465 and Arg469 in substrate binding, we constructed five mutated TVA IIs, with replacement of Asp465 by Asn (D465N), Glu (D465E) or Gln (D465Q), and Arg469 by Leu (R469L) or Lys (R469 K). Then, the specific activities of these mutated TVA IIs for pullulan, starch, maltooligosaccharides and cyclodextrins were examined. Hydrolyzing activities of each mutated TVA II for various substrates are shown in Table 2 .
The cleavage point of the 1,4 glucosidic linkage in each maltooligosaccharide by TVA II was identified in our previous report about subsite affinity of TVA II. 21) In all maltooligosaccharides, subsites ( 1) and ( 2) of TVA II were occupied by an maltosyl unit. The specific activity for all maltooligosaccharides was decreased in all mutants. In particular, the degree of the decrease of the specific activities for G3 was higher than those for other maltooligosaccharides in both Asp465 and Arg469 mutants. Although the specific activity of wild type TVA II for G3 was 76 fold lower than that for G6, TVA II almost exclusively hydrolyzes G3 to produce glucose and maltose with a cleavage of the 1,4 glucosidic linkage between the middle and reducing end glucoses. This specific cleavage point and the significant decreases of the Asp465 and Arg469 mutants for G3 imply that Asp465 and Arg469 are important for binding the reducing end glucose of G3 at subsite ( 2) and for the hydrolysis of G3. The specific activities of maltooligosaccharides (G3, G4, G5 and G6) were increased with the increase in degree of polymerization of the maltooligosaccharide, because maltooligosaccharides interact with TVA II through other subsites than subsite ( 2) . These findings show that Asp465 and Arg469 are involved in the substrate binding at the subsite ( 2) .
The degree of the decrease in pullulan hydrolyzing ac- 
Maltotriose (G3), maltotetraose (G4), maltopentaose (G5), maltohexaose (G6).
tivity is larger than those for starch and other substrates in all mutants. The substrate specificity for pullulan is very particular to TVA II compared to other amylases, which scarcely hydrolyze pullulan. However, the structure around the catalytic center is almost identical among TVA II and other pullulan non hydrolyzing amylase family enzymes like Taka amylase A (TAA). Thus, the recognition of the maltosyl unit in the substrate occurs via a common system among TVA II and other amylase family enzymes. The pullulan recognition mechanism of TVA II is considered to be mainly caused by the shape of a loop (residues 193 218) that is located at the end of the cleft around the subsite minus region. 11) The mutation of Asp465 and Arg469 causes a significant decrease of hydrolysis activity toward pullulan, since there are few specific residues which are engaged in the binding to pullulan except for the residues binding to both starch and pullulan, like Asp465 and Arg469. Arg469 mutation markedly decreased the activities for all substrates compared to Asp465 mutation ( Table 2 ). This result suggests that Arg469 contributes to the hydrolysis activity more importantly than Asp465. To examine the factors causing the decrease of the hydrolysis activity of mutants, we performed kinetic analysis for CD. The specific activities of mutated TVA IIs for other substrates are too low to determine the kinetic parameters.
The Km values for CD are 0.40 mM (wild type), 6.40 mM (D465N), 1.42 mM (D465E), 4.32 mM (D465Q), 20.7 mM (R469L) and 7.57 mM (R469K), and the kcat values are 30.7 s 1 (wild type), 24.5 s 1 (D465N), 23.0 s 1 (D 465E), 23.1 s 1 (D465Q), 0.95 s 1 (R469L) and 4.01 s 1 (R469K). The Km of the mutants of Asp465 were increased 3.6 18 times without a decrease of the kcat, suggesting that the principal function of Asp465 was to engage in substrate binding. On the other hand, the mutation of Arg469 induced significant (19 52 fold) increases of Km and a decreases of 3 10% in kcat compared to those of the wild type. In addition to substrate binding, Arg469 is assumed to influence the breakage of the glucosidic linkage and the release of the product.
Structural insights into substrate binding of Asp465 and Arg469.
The crystal structures of D465N and R469L were well refined at 2.2 A and 2.0 A resolution. Although the structure of R469K was finally refined at 3.4 A resolution, the electron density of a lysine residue exchanged arginine was clearly observed. The overall conformations of mutated TVA IIs were essentially identical to the structure of the wild type, whose r.m.s. deviation values of the C atoms were 0.22 A (D465N), 0.21 A (D469L) and 0.46 A (R469K), respectively. The environments of the active site were almost the same for all mutants and the wild type, because the residues in the vicinity of mutated residues were also identical and the optimum pH of all mutants was almost the same as that of the wild type (data not shown).
In our previous study of the complexed structure with transglycosylated product, 4 2 panosylpanose (4 2 P2), 11) the OD2 atom of Asp465 and the NH1 atom of Arg469 formed hydrogen bonds with the O3 atom of Glc ( 2), and the NH2 atom of Arg469 formed hydrogen bonds with the O2 and O3 atoms of Glc ( 2) . The superimposed structure of wild type and mutated TVA IIs on the 4 2 P2 complex around the mutated residues is shown in Fig. 3 . Once the substrate was taken into the catalytic cleft, the C positions of Asp421, Asp465 and Arg469 approximate 1.2 A , 1.5 A and 1.0 A toward Glc ( 1) and Glc ( 2) to make a suitable fit for substrate binding.
Although the specific activities of R469K were lower Wild type (black), D465N (white), R469L (gray) and R469K (light gray) are superimposed on the complex with 4 2 P2 (thin stick). Asp421, Asp465 and Arg469 are involved in substrate binding and form the subsites ( 1) and ( 2). than those of the mutants of Asp465, R469K showed 15 30 times higher activities than R469L ( Table 2 ). The Km of R469K for CD was almost the same as that of the Asp465 mutants, while the Km of R469L was very high. These findings suggest that the increase of the specific activity of R469K is due to the recovery of the affinity for the substrate via the lysine residue. The NZ atom of lysine would form a hydrogen bond with O2 or O3 atoms of Glc ( 2), because the side chain of lysine is slightly shorter than that of arginine.
On the other hand, the kcat of R469K was about 1 6 that of Asp465 mutants. While the kcat values of Asp465 mutants for CD were almost same as that of the wild type, those of Arg469 mutants were markedly decreased to 3.1% (R469L) and 13% (R469K) of the wild type value. This result shows that the side chain of Arg469, which is positively charged, affects the catalytic mechanism in addition to binding to Glc( 2) of the substrate. Arg469 is close to Asp421, which is one of three catalytic residues, at 3.1 A between the OD1 atom of Asp421 and the NH2 atom of Arg469 (Fig. 4) . Asp421 may play a role in maintenance of the appropriate protonation for the catalytic acid base reaction, distortion of the glucose ring in subsite ( 1) or supplying water for the nucleophilic attack at the C1 atom of Glc ( 1) . It is assumed that the positive charge of arginine keeps Asp421 stably deprotonated, allowing the catalytic reaction to proceed smoothly. A lysine residue is also positively charged, and the NZ atom of Lys469 of R469K was separated from the OD1 atom of Asp421 by 5.4 A . Thus, the effect of Lys469 toward Asp421 seems to be weaker than that of Arg469.
Comparison of substrate binding of Glc( 1) and
( 2) among α -amylase family members.
Previously, we showed that the specificity of TVA may be caused by the recognition of the maltosyl unit contained in substrate. 22) This finding is also supported by the structures of complexes of neopullulanase (NPL) from Bacillus stearothermophilus, which shows 47.7% identity with TVA II, with maltotetraose, panose and isopanose. 23) The maltosyl unit of each substrate was bound at sub-sites ( 1) and ( 2) in these complex structures. Asp465 and Arg469 are conserved in many hydrolases belonging to the amylase family, for example Taka amylase A (TAA) from Aspergillus oryzae, 24) NPL, 23) maltogenic amylase (ThMA) from Thermus sp. 25) and cyclomaltodextrinase (CDase) from Flavobacterium sp. 26) (Fig. 2.) . These two residues are located at the loop between the eighth strand and the helix composing the ( )8 barrel common to amylase family enzymes. In 1,6 glucosidase (Oli16) from Bacillus cereus, 27) Arg415 and Arg419 are located in the C positions corresponding to Asp465 and Arg469 of TVA II and two additional helices (N 8 and N 8 ) composed of about forty residues are inserted in front of Arg415 and Arg419 (Fig. 2) . On the other hand, in isoamylase (ISA) from Pseudomonas amyloderamosa, 28) Asn592 is located at the same position as Asp465 of TVA II. However, there are no residues corresponding to Arg469 of TVA II, because nine residues are inserted after Asn592 and the trace of the C positions is completely different from those of TVA II, NPL, ThMA, TAA, CDase and Oli16. These structural differences around subsite ( 2) appear to reflect the difference in substrate specificity.
In addition to Asp465 and Arg469 composing subsite ( 2), Asp421 plays an important role in the recognition of the maltosyl unit of the substrate. The complex structures of related enzymes showed that Asp421 forms hydrogen bonds with Glc ( 1), suggesting that Asp421 is involved in the binding of Glc ( 1), a role explained as a fixer function. 29) Finally, a simplified binding model of TVA II for various substrates based on the subsite model calculated for maltooligosaccharides 21) is shown in Fig. 5 . The region of the subsites ( 2, 3) consists of domain A of MOL 1 and domain N of MOL 2 forming a dimer structure. The structure of substrates hydrolyzed by TVA II is very diverse with respect to the kind of glucosidic linkage and its composition. TVA II recognizes the The van der Waals surfaces of Asp421 and Arg469 Lys469 are shown in stereo view. In the wild type (A), the distance between Asp421 and Arg469 is 3.1 A . In R469K (B), the distance between Asp421 and Lys469 is 5.4 A . The subsite of TVA II is composed of two molecules, MOL 1 (dark gray) and MOL 2 (light gray), forming a dimer structure. Although the amino acid residues that interact with each substrate are different depending on the substrate, the maltose unit (gray circle) recognized by Asp421, Asp465 and Arg469, is common to all substrates. Symbols: glucose ( ), glucose with reducing end ( ), 1,4 glucosidc linkage ( ), 1,6 glucosidic linkage ( ). maltosyl unit contained in each substrate by Asp421, Asp 465 and Arg469 in subsites ( 1) and ( 2), like other amylase family enzymes. Furthermore, the shape of the catalytic cleft of TVA II allows TVA II to take up various substrates recognized by Asp421, Asp465 and Arg469 into the catalytic cleft. 
